K.1. and H.T. contributed equally to this article Bioactivity ofcell wall component(s) offungi has not been fully elucidated, especially in vivo. We isolated Candida soluble beta-D-glucan (CSBG) from Candida albicans (c. albicans). We investigated the effects of airway exposure to CSBG on the immune systems in the airways in mice. CSBG exposure induced neutrophilic and eosinophilic inflammation in the lung, which was concomitant with the increased local expression of proinflammatory cytokines including tumor necrosis factor -Q: , interleukin (IL)-113 , IL-6, macrophage inflammatory protein -I Q:, macrophage chemoattractant protein -I, RANTES (regulated on activation and normal T cells expressed and secreted), and eotaxin. The lung inflammation with enhanced expression of proinflammatory proteins caused by CSBG was directly related to its structure, since structurally degraded products of CSBG by formic acid induced negligible responses in the lung. CSBG enhanced nuclear localization of phosphorylated signal transducer and activator of transcription (STAT)-6 in the lung. These results suggest that airway exposure to CSBG induces lung inflammation, at least partly, via the enhanced expression of proinflammatory cytokines and the activation of STAT-6 pathway, and can be a proper murine model for fungal lung inflammation.
The incidence of fungal infections has been increasing worldwide, mainly due to an increase in the number of immunocompromised hosts resulting from cancer chemotherapy, immunosuppressive therapy, and human immunodeficiency virus infection (1) (2) (3) (4) . Nonetheless, incomplete understanding of the molecular mechanism for the pathogenesis of fungal inflammation has hampered the development of effective therapies. Candida albicans (c. albicans) is recognized to be a major opportunistic pathogen in humans. Opportunistic infection by C. albicans increasingly causes acute respiratory failure and lethal fungal septic shock during neutropenia (5) (6) . In patients and in experimental models for neutropenia, the lung is a principal target for candidiasis (7) (8) (9) . To date, experimental models for candidiasis in vivo have been established by local and systemic administration of viable yeast C. albicans that must be cultured and strictly maintained (10) (11) . In addition, animals being infected often need pretreatment with immunosuppressive agents to increase susceptibility (12) (13) . Therefore, to clarify the pathogenesis of candidiasis, especially that of lung inflammation, a convenient and proper animal model should be established.
It is widely recognized that cell wall components ofmicroorganisms induce a variety ofhost reactions. The cell wall component of Gram-negative bacteria, lipopolysaccharide (LPS), and Gram-positive bacteria, peptidoglycan, can activate macrophages to release proinflammatory molecules, resulting in circulatory shock and multiple organ failure (14) (15) (16) . Recent studies have demonstrated that the cell wall components derived from mycobacterium tuberculosis (17) and pneumocystis carinii (18) also have immunomodulatory properties. However, little research has been carried out regarding the effects of cell wall components of fungi,~-glucan, on immune and/or respiratory systems in vivo. Wehave succeeded in extracting a soluble~-glucan from C. a/bieans (CSBG) and analyzing its biological effects (19) . We previously reported its immunopharmacological activities, such as production of proinflammatory cytokines in vitro (20) and anti-tumor activity in vivo (21) .
The present study investigates the effects of airway exposure to CSBG on murine respiratory systems. We demonstrate that airway exposure to CSBG induces acute neutrophilic and eosinophilic lung inflammation, at least partly, via the modulation of proinflammatory processes with possible link to the activation of signal transducer and activator of transcription (STAT)-6.
MATERIALS AND METHODS
Reagents CSBG, soluble~-glucan from C. albicans, was prepared as previously described. CSBG was degraded to a mixture of monoglucose with a small amount of diglucose by formic acid in Seikagaku Corporation, and used as DEG-CSBG. CSBG or DEG-CSBG was dissolved in dimethyl sulfoxide (DMSO: Nacalai Tesque, Kyoto, Japan). The endotoxin activity, which was determined by Limulus Amebocyte Lysate assay (Seikagaku-kogyo, Tokyo, Japan), was lower than the detection limit (0.001 EU/ml) in the vehicle, CSBG, and DEG-CSBG solutions.
Animals and study protocol
Male ICR mice (6 weeks old, 29-33 g) purchased from Japan Clea Co. (Tokyo, Japan) were intratracheally administered with the vehicle [PBS at pH 7.4 (GIBCO BRL, Life Technology, Grand Island, NY) containing 4% DMSO], CSBG (25-100 I!g! animal) in the vehicle, or DEG-CSBG (50 ug/animal) in the vehicle, respectively.
Bronchoalveolar lavage (BAL) and histological evaluation
BAL and cell counts were conducted as previously described (22) (n = 8-12 in each group). Histological evaluation was conducted using H&E staining (International Reagents Co., Kobe, Japan) or periodic acid-Schiff (PAS; n = 5-7 in each group) as previously described.
Morphometric analysis for numbers of eosinophils, neutrophils, mononuclear cells, and goblet cells
Sections were stained with H&E to quantitate the numbers of infiltrated eosinophils, neutrophils, and mononuclear cells. The number of these cells was assessed by averaging the number of neutrophils enumerated in 30 randomly selected, high power fields (HPFs; x400) in each slide, as previously described (23) . Histological sections were examined in a blind fashion. To quantify goblet cells, sections were stained with PAS. The length of the basement membrane of the airways was measured by videometer (Olympus, Tokyo, Japan) in each sample slide. The number of goblet cells in the bronchial epithelium was counted by micrometer and examined in a blind fashion. The results were expressed as the number of goblet cells per millimeter of basement membrane as described previously (22) .
Quantitation of cytokines in the lung tissue supernatants
In a separate series of experiments, the animals were exsanguinated and the lungs were subsequently homogenized as described previously (22) . Enzymelinked immunosorbent assays (ELISA) for interleukin (lL)-I~(Endogen, Cambridge, MA), IL-6 (Biosource, Nivelles, Belgium), tumor necrosis factor (TNF)-a, macrophage inflammatory protein (MIP)-l a, macrophage chemoattractant protein (MCP)-l a, keratinocyte chemoattractant (KC), regulated on activation and normal T cells expressed and secreted (RANTES), and eotaxin (R&D systems, Minneapolis, MN) in the lung tissue supernatants were conducted according to the manufacturer's instruction.
Pulmonary vascular permeability
In a separate series of experiments, lung water content (24) (n = 8 in each group) and protein levels in BAL fluid (25) (n = 8 in each group) were estimated as previously reported.
Preparation of nuclear protein extracts and western blot analysis
Nuclear protein was extracted using the methods described previously (26) . After 5 minutes of boiling, nuclear proteins were electrophoresed on 12% SDS-PAGE and blotted onto polyvinylidene difluoridemembrane. After blocking, the membrane was incubated with a rabbit anti-p65 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted I:400, a rabbit anti-phosphorylatedSTAT-6 antibody (Santa Cruz Biotechnology) diluted I:200, a rabbit antiphosphorylated c-Jun antibody (Cell Signaling Technology, Bevery, MA) diluted 1:1000, and a rabbit anti-C/EBP( Santa Cruz Biotechnology) antibody diluted I: 1000 as previously described (27) .
Statistical analysis
Data were reported as mean ± SEM using Stat view version 4.0 (Abacus Concepts, Inc., Berkeley, CA). One-way ANOVA and Bonferroni correction were used to compare data between the groups. Significance was assigned to P values smaller than 0.05.
RESULTS

Effects ofairway exposure to CSBG on the lungs
To determine the biological effects of airway exposure to CSBG on the lungs, we intratracheally administered vehicle, CSBG, or OEG-CSBG to ICR male mice and then examined BAL cellularity and lung histology 24 hours later. In our preliminary studies, mice were treated intratracheally with CSBG at doses ranging from 25 ug/animal to 100 ug/animal, CSBG at a dose of 25 ug/animal did not show apparent airway inflammation (data not shown). On the other hand, CSBG at a dose of 50 ug, 75 ug, or 100 ug/animal induced airway inflammation, which was confirmed by the cellularity in the BAL fluid (data not shown). However, the effects showed a similar nature with the three doses; thus, CSBG or OEG-CSBG at 50 ug/animal were used in the subsequent experiments.
Vehicle did not induce inflammatory leukocytes in the BAL fluid 24 hours after the exposure (Fig.  lA) . In contrast, CSBG exposure induced a marked increase in the numbers of total cells, neutrophils, eosinophils, and mononuclear cells ( To determine the histological changes, we evaluated the lung specimens stained with H&E ( Fig showed that the numbers of infiltrated neutrophils, eosinophils, and mononuclear cells around the airways and vessels were significantly greater in the CSBG group than in the vehicle (P < 0.01) group or the OEG-CSBG group (P < 0.01 for neutrophils and eosinophils, P < 0.05 for mononuclear cells). PAS staining showed that CSBG exposure induced goblet cell hyperplasia ( Fig. 3B ), whereas vehicle ( Fig. 3A ) or OEG-CSBG ( Fig. 3C ) exposure did not. Table I . Protein levels ofcytokines in the lung tissue supernatants after airway exposure to Candida soluble (1, 3) beta-D-glucan (CSBG). Lungs from mice were obtained 24 hours after the intratracheal administration of vehicle, CSBG, or degraded CSBG to mixture of monoglucose with a small amount ofdiglucose by formic acid (DEG-CSBG). Tumor necrosis factor (TNF)-Q:, interleukin (/L)-/ p, and /L-6 levels in the lung tissue supernatants were measured by enzymelinked immunosorbent assays. Results are mean ± SEM (n = 10). • P < 0.01 vs vehicle-treated mice, # P < 0.01 vs DEG-CSBG-treated mice. The number of goblet cells was significantly greater in the CSBG group than in the vehicle or the DEG-CSBG group (P < 0.01).
TNF-a
Effects of esse on the lung expression of cytokines and chemokines
To investigate the effects of CSBG on the lung expression of proinflammatory cytokines such as TNF-a, IL-IP, and IL-6 ( Table I) and chemokines such as MIP-I a, MCP-I, KC, RANTES, and eotaxin (Table II) , we compared the protein levels in the lung tissue supernatants 24 hours after the intratracheal instillation. Airway exposure to CSBG significantly elevated the expression of all the proteins as compared to vehicle exposure (P < 0.0 I). On the other hand, the lung expression of these proteins was smaller in the DEG-CSBG group than in the CSBG group (P < 0.01 for TNF-a, IL-IP, IL-6, MIP-Ia, MCP-I, KC, and RANTES, N. S. for eotaxin).
esse exposure enhances pulmonary vascular permeability
To explore the effects of CSBG on pulmonary vascular permeability, we estimated lung water content ( Fig. 4A ) and protein levels in the BAL fluid ( Fig.  4B) 24 hours after the instillation. CSBG significantly increased both the lung water content and the protein levels as compared with vehicle (P < 0.05).
Effects of esse on nuclear localization of transcriptional/actors related to inflammation
To address the effects of CSBG on several transcriptional factors related to inflammation, we examined the nuclear localization of the protein of NF-KB, c-Jun, C/EBPP, and STAT-6 in the lung 2 hours after the instillation. CSBG exposure slightly enhanced nuclear localization of p 65 subunit of NF-KB and phosporylated c-Jun (data not shown). Impressively, CSBG remarkably enhanced the nuclear localization of phosphorylated STAT-6 as compared with vehicle ( Fig. 5 ).
DISCUSSION
The present study demonstrates that airway exposure to CSBG induces neutrophilic and eosinophilic inflammation in the lung, which is concomitant with the increased local expression of pro inflammatory cytokines including TNF -a, IL-IP, IL-6, MIP -la, MCP -1, RANTES, and eotaxin. The lung inflammation with enhanced expression of proinflammatory proteins caused by CSBG is directly related to its structure. CSBG exposure increased pulmonary vascular permeability. In addition, CSBG enhances nuclear localization of phosphorylated STAT-6 in the lung.
The responsible components in environmental microorganisms for the activation ofinnate immunity should be identified to understand the pathogenesis of infection and infectious inflammation. LPS, cell wall components derived from gram-negative bacteria, activates NF-KB, resulting in the induction of pro inflammatory cytokines and subsequent activation of effector leukocytes (28) . In the present study, airway exposure to CSBG, a soluble form ofcell wall components from C. albicans, induced airway inflammation, which was characterized by infiltration of neutrophils, eosinophils, and mononuclear cells in the BAL fluid and the lung parenchyma, These results clearly show that the cell wall components of C. a/bicans can elicit lung inflammation. To date, on the other hand, experimental models for candidiasis in vivo have been established by local and systemic administration of viable yeast C. a/bieans that must be cultured and strictly maintained (10) (11) . Furthermore, animals being infected often need pretreatment with immunosuppressive agents such as cyclophosphamide or steroid to induce compromised conditions (12) (13) . In the present study, however, single intratracheal administration of CSBG can induce lung inflammation in untreated mice independent on the strains including C57BLl6, Balbi c, and C3H/He 24 hours after the exposure (data not shown). Accordingly, airway exposure to CSBG can be a convenient model for acute lung inflammation by fungus and provide better understanding of the pathogenesis of fungal infection. Zymosan, another cell wall component of fungus, also has a variety of immunomodulatory effects (29) , but it is composed of glucan and mannan residues (30) . Curdlan is a linear (1~3)-beta-D-glucan and has anticancer properties, and can activate macrophages (31) and complement systems (32) . However, all these glucans are not derived from pathogenic fungi. On the other hand, CSBG used in the present study is isolated and solublized from C. albicans, one of the most important organisms in the nosocomial infections in the clinical stage. vehicle * CS BG host. CSBG is composed mainly of~-(1~3) and -(1~6)-glucosidic linkages with a small amount of branch (33) . Our study also clarifies that lung inflammation induced by CSBG depends on its higher molecular structure, since DEG-CSBG did not induce lung inflammation.
In the present study, airway exposure to CSBG could recruit several types of leukocytes into the lung. Furthermore, CSBG exposure enhanced the lung expression of proinflammatory cytokines and chemokines related to the migration and activation of these cells, such as TNF-a, IL-l~, IL-6, MIP-In, MCP-l, KC, RANTES, and eotaxin. In fact, the enhanced lung expression of these proteins was concomitant with the accumulation of the inflammatory cells in the lung (27) . Our findings suggest that airway exposure to CSBG can stimulate innate immunity with the enhanced lung expression of these cytokines and chemokines, resulting in lung inflammation. Compatible with lung inflammation, the enhancing effects of CSBG on the lung expression of the proinflammatory proteins were also dependent on its higher molecular structure.
Previous studies have suggested the coexistence of Thl and Th2 responses induced by Candida (34) (35) . In addition, MIP-la and MCP-l, which were enhanced by CSBG in the present study, can activate T lymphocytes (36) . Our results suggest that CSBG may affect Th2 response, because eosinophil infiltration was markedly shown in the BAL fluid and the lung parenchyma. Indeed, four hours after the challenge, CSBG induced high IL-5 gene expression in the lung (data not shown). Furthermore, CSBG induced goblet cell hyperplasia, one of the consequences of Th2-dominant response and the enhanced phosphorylation of STAT-6, one of pivotal transcriptional factors in Th2 responses (37) . In future, long term experiments with sensitization and challenge will clarify the effects of CSBG on Th2/Th 1 balance.
C. albicans can induce NF-KB activation both in vitro (38) (39) and in vivo (40) . Furthermore, Roeder and co-workers recently demonstrated that C. albicans induced AP-l as well as NF-KB through TLR-2 pathway in vitro (39) . In the present study, nuclear localization of NF-KB and c-Jun in the lung was slightly enhanced by CSBG. Furthermore, CSBG exposure significantly increased gene expression for TLR-2 as compared with vehicle exposure (data not shown). The results may support the possibility that CSBG-induced inflammation can be partly mediated via TLR-2-NF-KB and TLR-2-AP-l pathways. On the other hand, STAT-6 pathway is well recognized as being critical for Th2 response (41) . In this study, CSBG exposure markedly enhanced nuclear localization of phosphorylated STAT-6 rather than that of NF-KB or phosphorylated c-Jun in the lung as compared with vehicle exposure. These results suggest that lung inflammation induced by CSBG is mediated, at least partly, through the activation of STAT-6. Interestingly, in our previous studies, airway exposure to LPS had induced marked NF-KB activation and subsequent neutrophilic lung inflammation but not induced STAT-6 activation and/or eosinophilic lung inflammation (Ref. 27 and unpublished observations), which supports different transcriptional factors important for the provocation of inflammatory response between LPS and CSBG.
In summary, airway exposure to CSBG induces lung inflammation, at least partly, via the enhanced expressions of proinflammatory cytokines possibly dependent on several transcriptional factors, especially on STAT-6. Airway exposure to CSBG can be a proper novel model for fungal inflammation and shed light on future antifungal research.
